Introduction {#S1}
============

Tissue inflammation is a unifying feature across diseases. While tissue-and disease-specific factors shape distinct inflammatory microenvironments, seemingly unrelated diseases can respond to the same therapy. For example, anti-tumor necrosis factor (TNF) therapies have revolutionized treatment for joint inflammation in autoimmune rheumatoid arthritis (RA)^[@R1]^, while intestinal inflammation in Crohn's Disease (CD) and ulcerative colitis (UC), collectively known as inflammatory bowel disease (IBD), also respond to anti-TNF medications^[@R2]^. Here, we posit that deconstruction and subsequent integration of inflamed tissues at the level of individual cell phenotypes could provide a platform to identify shared pathologic features across diseases and \| provide rationale for repurposing medications in outwardly dissimilar conditions.

Recent studies have detailed features of local inflammation and immune dysfunction in COVID-19 and related diseases caused by SARS and MERS coronaviruses^[@R3]^. Consensus is building that extensive unchecked inflammation involving so-called "cytokine storm" is a driver of severe late-stage disease. Single-cell studies of bronchoalveolar lavage fluid (BALF) have identified two inflammatory macrophage subsets characterized by expression of *FCN1* and *S100A8*, and *CCL2, CCL3*, and *CXCL10*, respectively, suggesting these cells might be high-level mediators of pathology in this late-stage disease^[@R4]^. These macrophage subsets correlate with elevated circulating cytokine levels and extensive damage to the lung and vascular tissue. Independently, \| reports using peripheral blood from large numbers of COVID-19 patients have consistently documented lymphopenia (reduced lymphocyte frequency) paired with increased monocytes and inflammatory cytokines^[@R5]--[@R7]^. Recent data suggest that moderate COVID-19 patients recovery associates with elevated tissue healing programs and lymphocyte growth factors, where severe patients maintain increased monocyte levels in blood and specific cytokines such as IFN-*α*, IFN-*γ*, and TNF, which appear ineffective in lowering viral load while possibly contributing to cytokine release syndrome (CRS) pathology^[@R7]^. Together, these studies indicate the importance of uncovering the full extent of cell states present in COVID-19 patients including within affected tissues, in particular for monocytes and macrophages. Further, the extent to which these cell states are shared between COVID-19 and other inflammatory diseases and their disease association may further clarify disease mechanisms and precisely define therapeutic targets.

Macrophages are pervasive throughout the body and pivotal to tissue homeostasis, where they tailor their function to the parenchymal needs of each tissue type. In inflammation, tissue-resident macrophages and infiltrating monocytes are activated not only by factors from the unique tissue microenvironment, but yet additional layer of complexity elicited by disease-associating factors such as deregulated homeostatic byproducts, tissue damage, shifts in gene expression due to genetic variants, various immune cellular and soluble infiltrates and in some cases pathogenic microorganisms. The unprecedented plasticity and robust reactivity of macrophages and monocytes generates a spectrum of phenotypes yet to be fully defined in human disease that mediate clearance of noxious elements but in some cases, such as in cytokine storms, aggravates disease pathology. These include a range of pro-inflammatory and anti-microbial states that secrete key cytokines (e.g. TNF and IL-1*β*) and chemokines (e.g. CXCL10 and CXCL11) and other functional states geared towards debris clearance, dampening inflammation and tissue reconstruction with factors such as MERTK, IL-10 and TGF*β*, respectively, as well as a variety of intermediate states^[@R8]--[@R10]^. However, the full extent of shared immune cell states and secreted cytokines and chemokines, especially within activated macrophages that fuel inflammation, are so far unclear. Meta-analysis of the reactive macrophage phenotypes in inflamed tissues across diseases may further refine our understanding of the complexity of human macrophage function, while identifying inflammatory i macrophage subsets potentially shared across multiple immune disorders and COVID-19, therein potentially providing a direct route to promising repurposed therapeutic strategies.

Single-cell RNA-seq (scRNA-seq) has provided an opportunity to interrogate inflamed tissues and identify pathogenic immune cell types^[@R11]^. We recently defined a distinct *CD14+ IL1B*+ pro-inflammatory macrophage population that is markedly expanded in RA compared to osteoarthritis (OA), a non-inflammatory disease^[@R12],[@R13]^. Likewise, scRNA-seq studies on inflamed colonic tissues have identified inflammatory macrophage and fibroblast phenotypes with high levels of OSM signaling factors that are associated with resistance to anti-TNF therapies^[@R14]^. Only very recently, developments in computational methods have made it possible to meta-\| analyze an expansive number of cells across various tissue states, while mitigating experimental and cohort-specific artifacts^[@R15]--[@R21]^, therein assess shared and distinct cell states in disparately inflamed tissues.

To define the key shared immune cell compartments between inflammatory diseases with COVID-19, we meta-analyzed and integrated tissue-level single-cell profiles from 6 inflammatory diseases and COVID-19. We created an immune cell reference consisting of 307,084 single-cell profiles from 125 donor samples from RA synovium, systemic lupus erythematosus (SLE) kidney, UC colon, CD ileum, interstitial lung disease, and COVID-19 BALF. This single-cell reference represents comprehensive immune cell types from different disease tissues with different inflammation levels, which can be used to investigate other inflammatory diseases and their connections with COVID-19 in terms of immune cell responses. Using our meta-dataset reference, we identified major immune cell lineages including macrophages and monocytes, dendritic cells, T cells, B cells, NK cells, plasma cells, mast cells, and cycling lymphocytes. Among these, we found two inflammatory *CXCL10+ CCL2*+ and *FCN1*+ macrophage states that are shared between COVID-19 and inflammatory diseases. To understand the factors driving these phenotypes, we stimulated human blood-derived macrophages with eight different combinations of inflammatory disease-associated cytokines and tissue-associating stromal cells and analyzed it by scRNA-seq. We demonstrated that the *CXCL10+ CCL2*+ macrophages from severe COVID-19 lungs share a transcriptional phenotype with macrophages stimulated by TNF-*α* plus IFN-*γ*. Most notably the other two conditions wherein these macrophages are most abundant are RA and CD. This potentially provides a proof-of-concept regarding the power in identifying shared cellular states in unrelated inflamed tissues that align with sensitivity to the same medication---as both RA and CD respond to anti-TNF therapies. Furthermore, janus kinase (JAK) inhibitors have also proved effective in RA, in likely by targeting IFN-*γ* responses, which may indicate late-stage cytokine storm COVID-19 disease may involve Type II interferon and TNF responses and blocking these responses in macrophages may be a plausible treatment approach.

Results {#S2}
=======

A reference of \> 300,000 immune single-cell profiles across common inflammatory diseases and COVID-19 {#S3}
------------------------------------------------------------------------------------------------------

To compare hematopoietic cells across inflammatory diseases and COVID-19 in an unbiased fashion, we aggregated 307,084 single-cell RNA-seq profiles from 125 healthy or inflammatory disease-affected donors spanning 6 disorders: (1) colon biopsies from healthy individuals, UC patients with inflamed or non-inflamed tissues^[@R14]^; (2) terminal ileum tissue from patients with inflamed or non-inflamed CD^[@R22]^; (3) synovial tissue from patients with RA or OA^[@R12],[@R23]^; (4) kidney biopsies from patients with SLE or healthy controls^[@R24]^, (5) lung tissue from patients with interstitial lung disease^[@R25]^ and (6) BALF from healthy individuals, mild or severe COVID-19 infection^[@R4]^ ([Figures 1a](#F1){ref-type="fig"}--[b](#F1){ref-type="fig"}, [Supplementary Figure 1a](#SD1){ref-type="supplementary-material"}, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). We developed a pipeline for multi-tissue integration at the single-cell data ([Figure 1a](#F1){ref-type="fig"}, [Methods](#SD1){ref-type="supplementary-material"}). First, we obtained and aggregated raw count matrices into a uniform matrix, and performed consistent quality control (QC) and normalization and scaling ([Methods](#SD1){ref-type="supplementary-material"}). To account for different cell numbers from different datasets, we performed weighted principal component analysis (PCA) by assigning higher weights to the cells from the dataset with a relatively small number of cells and vice versa. Then, we used our batch-correction algorithm Harmony^[@R15]^ to integrate these diverse datasets, accounting for variation due to different levels of technical and biological effects that confound cell type identification ([Methods](#SD1){ref-type="supplementary-material"}). To quantify the integration of the datasets, we employed the local inverse Simpson's Index (LISI)^[@R21]^. A LISI score of 1.0 means that there is no mixing, and higher scores indicate better mixing of donors and tissue sources ([Methods](#SD1){ref-type="supplementary-material"}). We observed that applying Harmony increased mixing among donors (LISI increasing from mean 2.9 to 6.1) and tissue sources (LISI increasing from mean 1.0 to 1.8, [Supplementary Figure 2a](#SD1){ref-type="supplementary-material"}).

This approach enabled broad cell type categorization in the hematopoietic cell lineage. We performed graph-based clustering^[@R26]^ on the integrated principal components (PCs) and dimensionality reduction using UMAP (Uniform Manifold Approximation and Projection) to project cells into two-dimensional space^[@R27]^. We identified T cells (marked by *CD3D* expression), NK cells *(NKG7)*, B cells *(MS4A1)*, plasma cells *(MZB1)*, macrophages *(FCGR3A)* and \| monocytes *(CD14)*, dendritic cells (DCs)(CD1C), mast cells *(TPSAB1)*, and cycling lymphocytes *(MKI67)* ([Figure 1c](#F1){ref-type="fig"}--[e](#F1){ref-type="fig"}, [Supplementary Figure 1b](#SD1){ref-type="supplementary-material"}).

Our cross-tissue integration pipeline successfully identified previously reported disease-specific patterns. This included the presence of germinal center B cells in the inflamed UC colon and age-associated B cells in RA synovium ([Supplementary Figure 1c](#SD1){ref-type="supplementary-material"}). Furthermore, we observed that the majority of variance (\>60% in PC1 and PC2) derived from gene expression patterns are explained by major cell types ([Figure 1f](#F1){ref-type="fig"}, [Supplementary Figure 1d](#SD1){ref-type="supplementary-material"}). In contrast, variables such as tissue type, technology, or donor sample accounted for \<1% of the variation in PC1 and PC2 after batch effect correction. We note that prior to Harmony batch effect correction, the same cell types from different tissues fail to integrate together ([Supplementary Figure 2b](#SD1){ref-type="supplementary-material"}).

The integration of single-cell data across tissues from multiple diseases provided a means to quantify the contribution of distinct immune cell types to the various inflammatory conditions ([Figure 1g](#F1){ref-type="fig"}). Proportions of major immune cell types residing in different tissue sources are different. Overall, samples obtained from lung tissues, whether from healthy controls or patients with different conditions, contained the highest proportion of macrophages (\~73.2% of total hematopoietic cells). The RA synovium, SLE kidney, and CD ileum were dominated by T lymphocytes (57.3%), while the UC colon samples had a distinctively high abundance of plasma cells (43.3%) ([Figure 1g](#F1){ref-type="fig"}). Severe COVID-19 bronchoalveolar lavage samples in comparison to \| mild COVID-19 also contained a higher proportion of macrophages similar to other lung tissues ([Figure 1g](#F1){ref-type="fig"}). The large number of cells across multiple disease and tissue contexts positioned us to precisely characterize cell states ([Figure 1b](#F1){ref-type="fig"}--[c](#F1){ref-type="fig"}).

Identification of shared inflammatory macrophage states across inflammatory disease tissues and COVID-19 {#S4}
--------------------------------------------------------------------------------------------------------

Macrophages represented a dominant cell type across all affected target tissues^[@R12],[@R14],[@R22]--[@R25]^. Therefore, we performed a fine clustering analysis on these cells to define shared and distinct macrophage states and phenotypes across these inflammatory diseases and COVID-19 ([Figure 2a](#F2){ref-type="fig"}). To this end, we applied the same integrative pipeline on 74,373 macrophages and monocytes from synovium, ileum, colon, lung, and BALF from 108 individuals ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}). We identified a total of four states: *CXCL10+ CCL2+ CD14+ FCGR3A*+ inflammatory macrophages, *FCN1+ CD14+ FCGR3A*+ inflammatory macrophages, M2-like anti-inflammatory *MRC1+ FABP4*+ macrophages, and non-inflammatory macrophages ([Figure 2a](#F2){ref-type="fig"}--[b](#F2){ref-type="fig"}, [Supplementary Figure 3a](#SD1){ref-type="supplementary-material"}). The two inflammatory macrophage states correspond to the previously identified *CXCL10*+ and *FCN1*+ macrophages in COVID-19 BALF, respectively^[@R4]^. Notably, in this clustering, previously described inflammatory macrophages identified in inflamed RA synovium and in inflamed UC and CD intestinal tissue clustered along with the majority of the severe COVID-19 macrophages, which spanned across these two inflammatory *CXCL10+ CCL2*+ and *FCN1*+ states ([Figure 2c](#F2){ref-type="fig"}, [Supplementary Figure 3b](#SD1){ref-type="supplementary-material"}--[c](#SD1){ref-type="supplementary-material"}). The LISI score that evaluates dataset mixing decreased with respect to previously described macrophage annotations, and increased with respect to donor-and tissue-specific effects after batch correction ([Supplementary Figure 3d](#SD1){ref-type="supplementary-material"}), indicating that the shared macrophage subsets were driven primarily by macrophage biology-related gene expression patterns rather than tissue or donor source.

To further explore how the *CXCL10+ CCL2*+ and *FCN1*+ macrophages are involved in tissue inflammation, we examined key inflammatory features^[@R14]^ that were expressed in these two states. A high proportion of inflammatory macrophages in severe COVID-19, RA, UC, and CD expressed inflammation-associated factors including *CXCL10, CXCL11, CCL2, CCL3, STAT1, IFNGR1, IFNGR2, NFKB1, TGFB1*, and *IL1B* ([Figure 2d](#F2){ref-type="fig"}, [Supplementary Figure 4a](#SD1){ref-type="supplementary-material"}). The gene signature for the *CXCL10+ CCL2*+ inflammatory macrophage state was found in a higher proportion of macrophages in severe COVID-19 than in the other inflamed tissues ([Figure 2d](#F2){ref-type="fig"}). Applying PCA to the two inflammatory macrophage states, we found that PC1 captured a gradient from the *FCN1*+ state to the *CXCL10+ CCL2*+ state ([Figure 2e](#F2){ref-type="fig"}), suggesting a potential continuum with intermediates between the inflammatory *FCN1*+ and *CXCL10+ CCL2*+ states. While the majority of inflammatory macrophages in RA, UC, and CD align more closely with the *FCN1*+ state, in severe COVID-19 we observed a shift in cell frequency, corresponding to a higher abundance of *CXCL10+ CCL2*+ macrophages compared to other inflammatory diseases ([Figure 2e](#F2){ref-type="fig"}, [Supplementary Figure 4b](#SD1){ref-type="supplementary-material"}).

To more extensively define markers for the two inflammatory tissue macrophage states shared across COVID-19, RA, UC and CD, we performed pseudo-bulk differential expression analysis ([Methods](#SD1){ref-type="supplementary-material"}, [Supplementary Table 3](#SD1){ref-type="supplementary-material"}, AUC \> 0.6, Bonferroni-adjusted *P* \< 10^−5^). The *CXCL10+ CCL2*+ inflammatory macrophages displayed significantly higher expression of *CXCL10, CXCL11, CCL2, CCL3, GBP1*, and *IDO1* in severe COVID-19, inflamed RA, and CD compared to *FCN1*+ macrophages ([Figure 2f](#F2){ref-type="fig"}). The *FCN1*+ macrophages show high expression of *FCN1* (Ficolin-1) and alarmins *S100A8* and *S100A9* in most of the inflamed tissues compared to *CXCL10+ CCL2*+ inflammatory macrophages ([Figure 2f](#F2){ref-type="fig"}). Both inflammatory macrophage states show high expression of M1 macrophage-related transcription factors, *STAT1* and *IRF1*, in inflamed RA, UC, CD, and COVID-19 BALF relative to healthy or non-inflamed tissues ([Figure 2f](#F2){ref-type="fig"}). Within the *CXCL10+ CCL2*+ state, we noted heterogeneity that correlates with *IL1B* expression ([Supplementary Figure 4c](#SD1){ref-type="supplementary-material"}--[d](#SD1){ref-type="supplementary-material"}). Moreover, when we examined the effect size of all genes by comparing *CXCL10+ CCL2*+ and *FCN1*+ macrophages with *MRC1+ FABP4*+ macrophages within each tissue, inflammatory genes indeed demonstrated the greatest fold change differences ([Supplementary Figure 5](#SD1){ref-type="supplementary-material"}). We further examined these inflammation- associated genes using CD45+ CD14+ flow sorted bulk RNA-seq samples from inflamed (leukocyte-rich) RA, non-inflamed (leukocyte-poor) RA, and OA^[@R12]^; we see the *CXCL10+ CCL2*+ state-specific genes *(CXCL10, CXCL9, CCL3, GBP1*, and *IDO1), FCN1*+ state-specific genes *(FCN1, S100A9, CD300E, IFITM3*, and *CFP)*, and genes (*IRF1*, *BCL2A1*, and *STAT1)* associated with both states are significantly enriched in the macrophages from inflamed RA compared to non-inflamed RA and OA ([Supplementary Figure 6](#SD1){ref-type="supplementary-material"}). By integrating macrophages across multiple inflamed tissues, we show that inflammatory subsets identified in COVID-19 may share common phenotypes with macrophages from other inflammatory conditions.

Tissue inflammatory conditions drive distinct macrophage phenotypes {#S5}
-------------------------------------------------------------------

To define the factors within tissues that collectively shape disease-associated macrophage states, we generated human blood-derived macrophages and activated them with eight mixtures of inflammatory factors, with particular interest in antiviral interferons (IFN-*β* and IFN-*γ*) and pro-inflammatory cytokines such as TNF that mediate CSR and mediates RA and IBD pathology ([Figure 3a](#F3){ref-type="fig"}, [Supplementary Figure 7a](#SD1){ref-type="supplementary-material"}--[c](#SD1){ref-type="supplementary-material"}, [Methods](#SD1){ref-type="supplementary-material"}). We added fibroblasts in some conditions to mimic exposure to the stromal factors found within tissues. To experimentally minimize confounding batch effects during scRNA-seq barcode labeling, we used a single-cell antibody-based hashing strategy^[@R28]^ to multiplex samples from different stimulatory conditions in one sequencing run. We used 9 hashtag antibodies on 4 donor samples ([Supplementary Table 4](#SD1){ref-type="supplementary-material"}, [5](#SD1){ref-type="supplementary-material"}), and obtained 25,823 post-QC cells after applying to 10X Genomics droplet-based single-cell assay ([Supplementary Figure 7b](#SD1){ref-type="supplementary-material"}--[c](#SD1){ref-type="supplementary-material"}, [Methods](#SD1){ref-type="supplementary-material"}).

We produced single-cell expression profiles for stimulated blood-derived macrophages and labeled them by their conditions ([Figure 3b](#F3){ref-type="fig"}--[c](#F3){ref-type="fig"}). Consistent with well-established effects, macrophages stimulated by IL-4 show increased expression of *CCL23, MRC1*, and *LIPA*, markers of the M2-like anti-inflammatory state ([Figure 3d](#F3){ref-type="fig"}). Differential expression analysis revealed that all conditions containing IFN-*γ* (Type II Interferon) resulted in macrophages with high levels of the transcription factor *STAT1*, interferon-stimulated genes *CXCL9* and *CXCL10* and inflammatory receptors such as *FCGR1A*^[@R29]^ ([Figure 3d](#F3){ref-type="fig"}).

Using linear models, we identified genes with the greatest response to each stimulation and estimated their effect sizes ([Methods](#SD1){ref-type="supplementary-material"}). We found 403 genes (Fold change \> 2, FDR \< 0.05) that were significantly enriched in the TNF-*α* and IFN-*γ* stimulation compared to untreated macrophages. Furthermore, a group of genes including *CCL2, CXCL9, CXCL10, SLAMF7*, and *STAT1* had a significantly higher induction in macrophages exposed to TNF-*α* and IFN-*γ* stimulation compared to TNF-*α* alone ([Figure 3e](#F3){ref-type="fig"} left). We observed similar effect sizes for these genes when we stimulated macrophages with TNF-*α* and IFN-*γ*, TNF-*α* and IFN-*γ* with fibroblasts, IFN-*γ*, and IFN-*γ* with fibroblasts compared to untreated macrophages ([Figure 3f](#F3){ref-type="fig"} left). Other stimulatory conditions with TNF-*α* only or TNF-*α* with fibroblasts show no or substantially less expression induction of these genes ([Figure 3f](#F3){ref-type="fig"} left, [Supplementary Figure 7d](#SD1){ref-type="supplementary-material"}). We consider these genes to reflect a specific IFN-*γ*-driven signature. We also observed a modest induction of TNF-a-driven genes such as *CCL2, CCL3, IL1B*, and *NFKBIA* enriched in TNF-*α* and IFN-*γ* stimulation compared to IFN-*γ* alone ([Figure 3e](#F3){ref-type="fig"} right). Additionally, we identified 400 genes (Fold change \> 2, FDR \< 0.05) including inflammatory regulators such as *FCN1* and *PLAUR* that are most highly induced in response to TNF-*α* stimulation with fibroblasts compared to no treatment ([Figure 3f](#F3){ref-type="fig"} right). Overall, these findings indicated that TNF-*α*-driven responses appeared more malleable when combined with other factors, for example, wherein co-cultured fibroblasts enhanced TNF-*α*-induced *MMP9, PLAUR*, and *TGFBI*, while IFN-*γ* repressed this TNF-*α* effect. Notably, TNF-*α* and IFN-*γ* generated a macrophage phenotype with preserved expression of NF-kB targets such as *IL1B, NFKBIA*, and *HLA-DRA* together with STAT1 targets such as *CXCL9* and *CXCL10*, and *GBP1* and *GBP5* ([Figure 3e](#F3){ref-type="fig"}--[f](#F3){ref-type="fig"}).

Identification of a TNF-*α* and IFN-*γ* synergistically driven inflammatory macrophage phenotype expanded in severe COVID-19 and other inflamed disease tissues {#S6}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

Our cross-tissue integrative analysis revealed two shared inflammatory macrophage states ([Figure 2](#F2){ref-type="fig"}). To further understand these cell states and the *in vivo* inflammatory tissue factors driving them, we integrated the single-cell transcriptomes of the tissue macrophages with the experimental multifactor-stimulated macrophages. After correcting for tissue source and donor effects, we identified 7 distinct macrophage clusters ([Figure 4a](#F4){ref-type="fig"}). The tissue *CXCL10+ CCL2*+ inflammatory macrophages from UC colon, CD ileum, RA synovium, and COVID-19 BALF were transcriptionally most similar to macrophages stimulated by the combination of TNF-*α* plus IFN-*γ* in cluster 1 ([Figure 4b](#F4){ref-type="fig"}--[c](#F4){ref-type="fig"}, [Supplementary Figure 8a](#SD1){ref-type="supplementary-material"}--[c](#SD1){ref-type="supplementary-material"}). The blood-derived macrophages in cluster 1 include macrophages stimulated by four different conditions all including IFN-*γ*, of which 37.5% are macrophages stimulated by TNF-*α* and IFN-*γ* together ([Figure 4c](#F4){ref-type="fig"}, [d](#F4){ref-type="fig"}, [Supplementary Figure 8b](#SD1){ref-type="supplementary-material"}).

To elucidate cell states that were phenotypically associated, we tested the association of each cluster with severe COVID-19 compared to healthy BALF using a logistic regression model accounting for technical cell-level and donor-level effects^[@R30]^ ([Methods](#SD1){ref-type="supplementary-material"}). We observed two clusters abundant in severe COVID-19 compared to healthy BALF: *CXCL10+ CCL2*+ (cluster 1), which is transcriptionally similar to the TNF-*α* and IFN-*γ* induced phenotype and cluster 4, which most closely matches a TNF-*α* with fibroblasts induced phenotype ([Figure 4e](#F4){ref-type="fig"}). The *CXCL10+ CCL2*+ inflammatory macrophages are significantly more abundant in severe COVID-19 (23.7%) compared to healthy BALF (3.7%), and express high levels of the genes that synergistically respond to TNF-*α* and IFN-*γ* stimulation ([Figure 4d](#F4){ref-type="fig"}--[e](#F4){ref-type="fig"}, [Supplementary Figure 8d](#SD1){ref-type="supplementary-material"}--[e](#SD1){ref-type="supplementary-material"}). We examined other diseases also, and observed that the *CXCL10+ CCL2*+ inflammatory macrophages are expanded in inflamed CD compared to non-inflamed CD, RA compared to non-inflammatory OA, and inflamed UC compared to healthy colon, respectively ([Figure 4f](#F4){ref-type="fig"}). Taken together, these results indicate that TNF-*α* and IFN-*γ* drive the synergistic inflammatory response in the *CXCL10+ CCL2*+ inflammatory macrophage phenotype that is expanded not only in COVID-19, but also in inflamed tissues from other diseases, which suggests this inflammation-associated macrophage state may present a viable target for these diseases.

Discussion {#S7}
==========

Our study demonstrates the power of a multi-disease reference dataset to interpret cellular phenotypes and tissue states, while placing them into a broader context that may provide insights into disease etiology and rationale for repurposing medications. Such meta-datasets can increase the resolution of cell states and abet understanding of shared cellular states found in less well-understood diseases such as COVID-19. Amassing diverse tissues from \> 120 donors with a wide range of diseases, we built a human tissue inflammation single-cell reference. Applying powerful computational strategies, we integrate \> 300,000 single-cell transcriptomes and correct for factors that interfere with resolving cell-intrinsic expression patterns. In particular, we have identified a *CXCL10+ CCL2*+ inflammatory macrophage phenotype shared between tissues affected in autoimmune disease (RA), inflammatory diseases (CD and UC), and infectious disease (COVID-19). We observed that the abundance of this population is associated with inflammation and disease severity. With integrated analysis of an *ex vivo* dataset, we elucidated its potential cytokine drivers: TNF-*α* together with IFN-*γ*.

Macrophages are ideal biologic indicators for the *in vivo* state of a tissue due to their dynamic nature, robust responses to local factors and widespread presence in most tissues. Through our cross-disease analysis, we defined two inflammatory macrophage states that can be found in selected groups of seemingly unrelated tissues and diseases. Most notably, the *CXCL10+ CCL2*+ inflammatory macrophages predominate in the bronchoalveolar lavage of patients with severe COVID-19, and are also seen in synovial tissue affected by RA and inflamed intestines. These cells are distinguished by high levels of *CXCL10* and *CXCL11, STAT1, IFNGR1* and *IFNGR2*, as well as, *CCL2* and *CCL3, NFKB1, TGFB1*, and *IL1B*. This gene expression pattern of the JAK/STAT and nuclear factor-[k]{.smallcaps}B (NF-kB) dependent cytokines implicates induction by an intriguing combination of both the IFN-induced JAK/STAT and TNF-induced NF-kB pathways and, in conjunction, the overall transcriptome program most closely aligns with macrophages stimulated by IFN-*γ* plus TNF-*α*. As both JAK inhibitors and anti-TNF medications have outstanding efficacy in treating RA and anti-TNFs are the most common medications treating inflammatory bowel disease including Crohn's Disease^[@R2]^, these therapies may target the inflammatory macrophages in severe COVID-19 lung during the phase involving a cytokine release syndrome^[@R31]^.

Infection with SARS-CoV2 triggers local immune response and inflammation in the lung compartment, recruiting macrophages and monocytes that release and respond to inflammatory cytokines and chemokines^[@R6]^. This response may change with disease progression, in particular during the transition towards cytokine storm associated with severe disease. Intriguingly, our cross-disease tissue study strongly suggests that IFN-*γ* is an essential component in the inflammatory macrophage phenotype in severe COVID-19. Most studies on the interferons and coronaviruses have focused on Type I Interferons, such as IFN-*β*, due to their robust capacity to interfere with viral replication^[@R32]^. Indeed, ongoing research into the administration of recombinant IFN-*β* has shown promise in reducing the risk of severe COVID-19 disease^[@R33]^. However, other studies have indicated that targeting IFN-*γ* may be an effective treatment for cytokine storm, a driver of severe disease in COVID-19 patients^[@R34],[@R35]^. Additionally, recent research has indicated that targeting IFN-*γ* using JAK inhibitors such as ruxolitinib, baricitinib, and tofacitinib offers effective therapeutic effects in treating severe COVID-19 patients^[@R31],[@R36],[@R37]^. Clinical trials of Type II interferon inhibitors in COVID-19 are under way ([NCT04337359](https://clinicaltrials.gov/ct2/show/NCT04337359), [NCT04359290](https://clinicaltrials.gov/ct2/show/NCT04359290), and [NCT04348695](https://clinicaltrials.gov/ct2/show/NCT04348695))^[@R31]^. In agreement with these studies, our findings may indicate that IFN*γ* is an important mediator of severe disease, in part through activating the inflammatory *CXCL10+ CCL2*+ macrophage subset. We hypothesize that anti-Type II interferon treatment, including JAK inhibitors, might prove effective at inhibiting the cytokine storm driving acute respiratory distress syndrome in patients with severe COVID-19. Of course, the presence of an IFN-*γ* and TNF-*α* phenotype is an association may not be causal. Whether targeting these cytokines is reasonable or not, will depend on additional clinical investigation.

Statistical analysis {#S8}
--------------------

For all the analysis and plots, sample sizes and measures of center and confidence intervals (mean ± SD or SEM), and statistical significance are presented in the figures, figure legends, and in the text. Results were considered statistically significant when *P* \< 0.05 by Bonferroni correction and indicated in figure legends and text.
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![Integrative transcriptomic analysis of \>300,000 single-cell profiles from 6 inflammatory disease tissues and COVID-19 reveals shared immune cell populations. **a**. Overall study design and single-cell analysis, including the integrative pipeline, a single-cell reference dataset, and *ex vivo* stimulated macrophage dataset. Shared states, specifically macrophages, are identified across disease tissues, and then compared to the *ex vivo* cells to identify the stimuli driving their phenotype. **b**. Number of cells and donor samples from each healthy and disease tissue. SS lung denotes systemic sclerosis lung; HP lung denotes hypersensitivity pneumonitis lung. **c**. Integrative clustering of 307,084 cells reveals common immune cell types from different tissue sources. Cells from the same cell types are projected together in UMAP space. **d**. Immune cells from separate tissue sources in the same UMAP coordinates as in **c. e**. Expression of cell type lineage marker genes in the UMAP space. **f**. Percent of variance explained in the gene expression data by pre-defined broad cell types, donor samples, tissue sources, and technologies for the first and second principal component (PC1 and PC2) after batch effect correction. **g**. Proportions of identified immune cell types within each disease tissue or healthy control.](nihpp-2020.08.05.238360-f0001){#F1}

![Integrative analysis of macrophages reveals shared *CXCL10+ CCL2*+ and *FCN1*+ inflammatory macrophage states across inflammatory disease tissues and COVID-19. **a**. Integrative clustering of 74,373 macrophages and monocytes from 108 individuals from BALF, lung, kidney, colon, ileum, and synovium reveals four distinct macrophage states. Two inflammatory macrophage states are observed: *CXCL10+ CCL2*+ and *FCN1*+ inflammatory macrophages. **b**. Density plot of cells with non-zero expression of cluster marker genes in UMAP space. **c**. Previously defined inflammatory macrophages from different inflammatory disease tissues are clustered together with the majority of the macrophages from severe COVID-19 in the integrative embeddings. Inflammatory macrophages are separated into the *CXCL10+ CCL2*+ and *FCN1*+ inflammatory states. **d**. Proportion of expressing (non-zero) inflammatory cytokines and genes from inflammatory macrophages in inflamed RA, CD, and UC compared to those in severe COVID-19. Genes that are highly expressed in the *CXCL10+ CCL2*+ inflammatory macrophages are highlighted in orange. **e**. PCA analysis on the identified inflammatory macrophages. The first PC captures a gradient from the *FCN1*+ state to the *CXCL10+ CCL2*+ state. Two distributions are shown to represent the density of the macrophages mapping to PC1. Macrophages from inflamed tissues are mapped to PC1 coordinates. A shift on PC1 loadings between inflammatory macrophages from inflamed UC and severe COVID-19 (Wilcoxon rank-sum test *P* \< 2.2e−16), inflamed RA and severe COVID-19 (P = 0.001), and inflamed CD and severe COVID-19 (P = 1.4e−07) are displayed, respectively. **f**. Heatmap of Z-score of the average expression of top marker genes for the *CXCL10+ CCL2*+ and *FCN1*+ inflammatory macrophage states. Rows include genes and columns show pseudo-bulk expression per condition within each state. Gene signatures were selected based on AUC \> 0.6 and Bonferroni-adjusted *P* \< 10^−5^ comparing cells from one cluster to the others^[@R1]^ using pseudo-bulk analysis.](nihpp-2020.08.05.238360-f0002){#F2}

![Human blood-derived macrophages stimulated by eight mixtures of inflammatory factors present heterogeneous macrophage phenotypes. **a**. Schematic representation of the single-cell cell hashing experiment on human blood-derived macrophages stimulated by eight mixtures of inflammatory factors from 4 donor samples. A diagram of the single-cell antibody-based hashing strategy used to multiplex samples from different stimulatory conditions in one sequencing run. Here fibro denotes fibroblasts. **b**. Condition labels of the stimulated 25,823 blood-derived macrophages from 4 donor samples are colored and labeled in UMAP space. **c**. Proportion of different stimulatory conditions for each donor sample are calculated. **d**. Log-normalized expressions of genes that are specific to different conditions are displayed in violin plots. Mean of normalized gene expression is marked by a line and each condition by individual coloring. CPM denotes counts per million. **e**. Fold changes in gene expression after TNF-*α* stimulation vs. TNF-*α* and IFN-*γ*stimulation (left), and IFN-*γ* vs. TNF-α and IFN-*γ* stimulation (right) for each gene. Genes in red have fold change \> 2, Bonferroni-adjusted *P* \<10^−7^, and a ratio of TNF-*α* and IFN-*γ* fold change to TNF-*α* fold change greater than 1 (left) or a ratio of TNF-*α* and IFN-*γ* fold change to IFN-*γ* fold change greater than 1. Genes that are most responsive to either IFN-*γ* (left) or TNF-*α* (right) are labeled. **f**. Stimulation effect estimates of genes that are most responsive to conditions with IFN-*γ* or TNF-*α* with fibroblasts comparing each condition to untreated macrophages using linear modeling. Fold changes with 95% CI are shown.](nihpp-2020.08.05.238360-f0003){#F3}

![Identification of TNF-*α* and IFN-*γ* driven CXCL10+ CCL2+ inflammatory macrophages expanded in severe COVID-19 and other inflamed disease tissues. **a**. Integrative clustering of stimulated blood-derived macrophages with tissue-level macrophages from COVID-19 BALF, UC colon, CD ileum, and RA synovium. **b**. The previously identified tissue-level *CXCL10+ CCL2*+ state corresponds to cluster 1 (orange), and the *FCN1*+ inflammatory macrophage state corresponds to cluster 2 (yellow). Macrophages from each tissue source are displayed separately in the same UMAP coordinates as in **a. c**. Heatmap indicates the concordance between stimulatory conditions and cluster assignments. Z-score of the number of cells from one stimulatory condition to each of the clusters is shown. **d**. For the blood-derived stimulated macrophages, the proportion of *CXCL10+ CCL2*+ macrophages per stimulated donor sample of total macrophages are shown. **e** and **f**. For each tissue source, we show the proportion of *CXCL10+ CCL2*+ macrophages per sample of total macrophages from healthy BALF (*n* = 3), mild (*n* = 3) and severe (*n* = 6) COVID-19 BALF, non-inflamed CD (*n* = 10) and inflamed CD (*n* = 12), OA (*n* = 2) and RA (*n* = 15), and healthy colon (*n* = 12), non-inflamed (*n* = 18) and inflamed UC (*n* = 18). Medians of proportions for each group are shown. *P* is calculated by Wilcoxon rank-sum test within each tissue source. For each tissue source, the association of each cluster with severe/inflamed compared to healthy control was tested. 95% CI for the odds ratio (OR) is given for each cluster. MASC *P* is calculated based on one-sided F tests conducted on nested models with MASC^[@R30]^. The clusters above the dashed red line (MASC *P* threshold after Bonferroni correction) are statistically significantly associated with inflammation/severity compared to non-inflammatory/healthy status. Clusters that have less than 30 cells are removed from association testing.](nihpp-2020.08.05.238360-f0004){#F4}
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